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Contribution to the biology of the organism causing
leguminous tubercles.
GEO. F. ATKINSON.
WITH PLATES XII-XV.
(Concluded from p. 237.)
Comparative review.

This brings the history of the more important contributions
0 the biology of the leguminous tubercle organism, that have
tome to the notice of the present writer, down to the present
tme.  The record presents a discouraging volume of conflict-
g testimony, some of it from eminent investigators. It
Would indeed be a misfortune should all these painstaking
and laborious Investigations really be so much at variance as
ippears from this examination of the contributions. Some of
them which deny any external agent of a microbic nature will
always remain Important expositions of the structure and de-
elopment of the tubercles. Had more attention been given
J these investigators to careful cultural experiments perhaps
th.c ¥ might have come to different conclusions. The charge
:Trl;ght Perhaps be made that cultural experiments are un-
N ’Stxgor th.}’ since T'schirch®” and Frank?® assert t.hat sternl.lz-
: %f ¢ soil by heat so changes its physical condition as to1n-
Stc °re with the development of the tubercles. Frank®® and
also believe that the formation of the tubqrcles
Ct relation to the vigor or assimilatory activity of
Since plants do not usually grow so well under
lons this might be said to argue against the
ultural experiments. In a large series of

show that sterilizing the soil, or a low state of
lants, will not prevent the development of the

In vi € Proper organism is given access to the roots.
0 View of 2

I the cultural experiments referred to above,
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and in addition those carried on by Atwater,1°! Bréal 1
Bertholet,*°® and Vines, 1°* conviction becomes inevitable
that leguminous plants can only develop tubercles when ex-
cited by the presence of certain micro-organisms.

The important question then is, can these various conflict:
ing notions of the biology of the microsymbiont be harmon-
1zed? Leaving out of consideration for the present the red
nature of the organism it will be admitted by those who take
the trouble to familiarize themselves with the scope of the
work covered by the most important investigations that theor
ganism in question consists of an elongated thread-like struc:
ture, which branches freely within the tubercle and possesss
enlarged portions which present a more or less finely lobed sur-
face; and very much smaller forms which must exist to some
extent within the tubercle, are capable of multiplying In &
tificial media, and, when transplanted from artificial media 10
the roots of leguminous plants, are capable, under these Mo
natural conditions and the stimulus of the macrosymbiont, &
growing out again into the thread-like structures.

Beyerinck!®? then probably overlooked the real nature of
the thread-like structures. From a careful study of his xﬂaf-
trations and descriptions it seems reasonably certain that,
some instances at least, he was dealing with the true orgas-
ism in his artificial cultures. An examination of his figure .II

C shows the organism to be very similar in form 10 thossnf'
my own cultures represented in figures I 3ﬂd. 12, piate ! bt
and to those obtained by Laurent. In describing them

says: “‘Die Colonien auf Gelatine bestehen aus stark 8¢

buckelten bacteroidenihnlichen Stibchen.” The culti®
this one was obtained from tubercles of Vicia hirsuia:

108 while

Recently Nobb ‘4 Hiltner and Hotter,
ntly Nobbe, Schmid, Hi ntfactcria, " amit that o the

considering the organisms to be gt
- T . o | %
191 Atmospheric nitrogen as plant food. Bull. no. 5. Storrs’ S

Exp. Station, Conn. Oct. 1889. bd. d Sa &
'92Fixation de ’azote par les légumineuses. Compt. Rend. her
I'Acad, d. Sciences, Paris. cix. Oct. 28. 1830.

inosez and the presence of nitrogen in the soil.
336-388,
195 Bot, Zeit. 1888. posed.
108Versuche iiber die Stickstoff-Assimilation der Legum
Versuchs-Stationen. xxxix (1891).
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cultures, especially from tubercles of Lupinus, numerous
larger bacteroid forms developed. ‘“Wir haben jedoch in un-
seren mehrfachen Uebertragungen Gebilde oft in grosser Anzahl
gelunden, welche unzweifelhaft als echte Bakteroiden ange-
sprochen werden mussten.”

The tests imposed by Eriksson,1°7 Ward,1°® Vuillemin,°?
Fichi,"** A, Koch,?1? and Laurent!'? for the determination
of the presence of a membrane in connection with the thread-
h‘kc structures, would seem to impeach Prazmowski's'!? and
Frank’s''* explanations of its nature. H. Moller'!5 also finds
imembrane on the strands but interprets it as being a cellulose
membrane deposited by the protoplasm of the leguminous
plant around the bacterian zoogleea, and cites in support of this
view cellulose membranes said by R. Wolff’!¢ to be deposited
32:? the threads of Ustilaginee by their hosts. chh a view
of th ot s¢éem to be any greater proof of the bacterian nature

- organism of the tubercles than of a like nature for the
Ustilaginee.
o(lt;,c’sord lf’ﬁgult ,3150 FO .harmonize Prazmowski's f:lescription
majorit goafntl}slm in artificial cultures wi?h that (')bta.med by the
the tubircl ose who have succeeded in growing it outside of
cultures w:rs‘ It WO}lld, perhaps, be unjust to 1nf«:3r that his
itting the € COﬂtammateq; or shall we suspect him of com-
that he wa ;ame. error which he imputed to Beyerinck, 22,
condition of t}(:celved in the appearance of the fo.rked or lobed
might be o de organism? Prazmowski says this appearance
Singe ffequznot] “Cl;sd by one rod lying Partly over another,
0ces,  Could Yy ie was for a time deceived by such appear-
bacteroids o We not then, on the same ground say that the

€ not forked?

It : .
W48 1mpossible in the case of the cultures obtained by

Ann. 4 Sei 20)'&1 Soc. cLxxvin: Proceed. Roy. Soc. XLVI.
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e 'Sch. bot. Gesel «
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himself observed some of the lobed organisms in his cultures
There does not seem to be any very important difference
between the organisms described by Laurent and that ob
tained by myself. The result is the more satisfactory sinc
the present writer did not know, at the time the organiss
was separated and first studied, what the real nature of Las
rent's organism was. The account of the organism given by
Ward agrees in all essential features with the one obtained by
Laurent and myself. .
Frank's mycoplasm of the tubercles is identical ?\rntl!thz
hypha, of course, but the reconciliation of his Akisobius,
a micrococcoid organism, with the forms obtained in culture b
Beyerinck, Laurent and myself is not so easily effected
though the great majority of the individuals in the cultums
from the tubercles of Vicia sativa were very small anc with-
out very high magnifying power would appear micrococcoid
The study of the form of the organism in the cultures ¥s
made with the aid of a Winkel microscope, the gy bom®
geneous immersion lens being used. A Zeiss 2™ homog;
eous immersion lens also served very well to bn‘ng out
definition of the form. Better results were obtained In &
amining the organism in a living condition, Of.b)’ St;m:
in a living condition with eosin. Killing and fixing t =
ganism by heat on the cover glass did not give such gO(;d‘k
sults because of the lack of firmness in the body ©
organism. 3
Another question which arises, an :
the afﬁrmat?ve. may help to explain some of the d:‘%
cies between the organisms in cultures by difterent H¥EEA,
tors, is this: are there species or races of the mxcroi)r"?c
The bacteroids, by those who believe in the presof e o
microsymbiont, are oenerally accepted as onc ’form 2 ol
ganism. They are regarded by Prazmowski 3; ] forms &
forms, because of their departure from the 110;' s of V"
rod-like bacteria. Whether or not we term them °r nism B
lution it seems pretty certain that, when the © fgabact oroi
reached the firmness exhibited by the great ma;ss g g
in the tubercles, they are no longer CEI”Pable it
they have lost that power in becoming rece
storage of proteid substance. .
Prazmov«lr)ski says the death of the bactera 1? fr‘:t s
In most cases by a change to the branched iorm:

which, if answereé 2
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probably be more nearly correct to say that the death of the
organism, in its passage to the sterile condition of the perfect
bacteroids is first indicated by a firmer condition of the or-
ganism, probably brought about by the increasing presence
of proteid matter which in many cases finally becomes cen-
wred in different parts of the bacteroids and forms bodies
which possess a very high power of refracting light. Lund-
#rim*'7 described these in the tubercles of 7 rifolium repens.
In ome cases these bodies occupy nearly the entire inner
portion of the bacteroids and frequently the accumulation
N‘C} place to such an extent as to cause the form of the bac-
tfm'd ‘0 enlarge, when, if there are several such bodies in an
“ongated bacteroid it presents a nodulose appearance as
Jown in some of the bacteroids from Medicago denticulata in
g‘g‘.ﬁ? 'lﬁ'a"d 15 of plate Xx1v. In the bacteroids of species
bodicso lum frequently the great increase in the size o'f these;'
o sives to them the form of a bladder, and Beyerinck!? .
Signated them as ‘‘Blischenbacteroiden.”” Prazmowski
o5 n: t:at these boc?ies in the bacteroids do not take such
that the dmf’th)’l violet. Thff present writer has observ’ed
OHStain)irn obnot take the stains gentian violet and fuchsin.
with fuchg‘ aCteroids from tubercles of Medicago d{ntzculfzta
_"“ISIn- they present an interrupted stain, simulating
ket 1 PeCt the rods of Bacillus tuberculosus. It is quite
S that the difficulty exper; : i .
perienced in staining these objects
s has led some to describe the stained portions

P .
nlp?:glo:;';‘ CE}US attention to the fact that concentratefi
will dissolvet tthll not dissolve normal bacteria, but that it
B¥ing 1o there ¢ Mighly refringent bodies in the tubercles
' be pro W arose red color, which he claims shows them
¢d bodies, Recently Frank!!® places them with
Miller 1124 i:;o up calling them amylodextrin bodies while H.
2. |n th'reply says they represent some form of chole.s-
'S Same pPaper Frank states that he has dis-

a di iy
that the d'morphlsm in the tubercles on the roots of peas,

arge p rofusely forked ones bear principally these
____________
“aney, ' '
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amylodextrin bacteroids, while the smaller simple forms bea
principally proteid bacteroids. H. Maller takes exception ts
this statement also, while Frank?!?! refutes Mller’s objectios
on the ground that Méller's study was confined to the tuber
cles of 7r»ifolium, while Frank’s announcement of a dime
phism related to the tubercles on Pzsum.

There are many different forms of bacteroids associaled
with the tubercles of different species or genera of leguminos
plants. As noted above Schneider has based several speciesd!
his Riizobium purely on these characters of form and ‘tht
more or less definite localization of the protoplasm at variow
points of the accumulation of these highly. refringent and ne
readily stained bodies.

Morck, 122 while not describing them as species, figured b+
merous forms from tubercles of between forty and fifty specs
of Leguminose.

While these bacteroids are incapable of growth they W&
represent to a certain extent morphological characters of ta:
organism within the tubercles. If this be true i Wﬁ
strengthen the proposition suggested by different forms |
tained in artificial cultures that there are different vanets

or races, of the organism. . based
Schreeter!23 describes two species of his Plhytoniy+e o
on the presence or absence of the strands in the wbe;’cm.
Some investigations of Hellriegel, Laws 3“4 G‘lb?lrlt' ot de-
mowski (I. c.), point to a probability that lupines Wi :
velop tubercles when seeded with soil-extract froglcd i
where lupines have not grown, while peas, etc., 5¢¢
the same soil-extract develop the tubercles. differ-
Beyerinck (l. ¢.) claims that in his artificial Cu“um&) o
ent races were obtained which remained true to for®
successive cultures. L
Nobbe, Schmid, Hiltner and Hotter** found that Lup:

luteus inoculated with pea tubercle or
from Robinia, Cytisus and Gleditschia,

121Ueber Mbller’s Bemerkungen beziiglich der dimo
der Erbse, Ber. deutsch. bot. Gesells. x (1892)'.390—3955

122Jeber die Formen der Bakteroiden bei den einzelnen
sen. Inaug-Dissert. Leipzig, 1891. and¥

'23Kryptogamen-F lorf vgn Schlesien, 134. minosen. e

124Versuche iiber die Stickstoff-Assimilation der Legt
suchs-Stationen xxx1x (1891). 227-3509.
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oped tubercles. Phaseolus vulgaris inoculated with cultures
from tubercles of Plaseolus and peas developed tubercles,
but if inoculated with cultures from tubercles of Lupinus or Ro-
bimta, none were developed. In one case Pisum sativum in-
oculated with lupine tubercle organisms developed tubercles,
while in other cases it did not. In the case where the tuber-
cles were developed, the hypha and bacteroid characteristic
of those of the peas under normal conditions were developed.
I this development of tubercles on peas from lupine organ-
Sis were not an accidental contamination it would indicate
that one and the same species occurred in the tubercles of
Peas and lupine.  Other cross inoculations made by them oc-
tsionally took effect but there was shown a disposition to
tardy and weak development as if the organism had been in
*oime unsuitable condition.

Atthe same time that the present writer carried on the
5“?‘1(‘1 éxperiment in the inoculations of Vicia sativa with
rtificial cultures of the vetch tubercle organism, inoculations
were also made of young plants of Dolickos sinensis with or-
ganisms from the same culture but no tubercles were devel-
mr;'f;le the inoculated plants of Vicia sativa developed

w?u; “onsidering the almost universal infection' of }egumin-
bc!if\':ntths When §rown in a state of nature it is difficult to
the diffe at there are so many species as are represented by
the qu es?.:"t forms of bacteroids. Rather at the present time
Macros lgr} might be asked, does not the mﬂqen.ce of the
bercle ()i? 2 4pon the microsymbiont while Wlthlr.l the tu-
the mic “ Certain type of racial form and attenuation upon

"OSymbiont until it shall have passed through normal
‘ and been restored to its original
The system of preventive inocu-
the development of racial pecu-
nuation obtained by growing or-
some deleterious substance, by cul-
.“M at certain temperatures for oiven periods of
'Ig them to various degrees of atmospheric pres-
45Sing them through the bodies of other anima}ls
1 Which the organism is at first so virulent. W h.xle

“Onditions :
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to certain normal influences, gradually regain its pristise
characteristics and virulence. '

This suggestion is only offered as a possible hypothesis for
the explanation of apparent racial peculiarities in the micro
symbionts of the tubercles. It must stand or fall only bya
very comprehensive and thoroughgoing investigation. i
should be proven to be a correct one it would help to explain
some of the conflicting observations upon the morphology of
the organism.

Its solution one way or the other must be the crowning re-
sult of the remarkable series of investigations that have thes
far contributed to a knowledge of one of the most abstruse
problems of biological science, and would give a fim
foundation for the most rational treatment of the economs
phases of the subject.

Synonymy.,

The question of generic synonymy and classiﬁ_catnon 11!0
deserves consideration. Protomyces and Schinzia 10 which
the organism was referred at successive times by Frank ci®
not stand because the fungi first associated with thesc.gm:
would have precedence over the present one. Bacillus, .
which Beyerinck referred it, can not be retained, smce.do.
Prazmowski has shown, we do not at present know of an cnm
genous spore formation, and also for the reason th;t.':mr
according to Beyerinck, the organism is not a true st . the
cete. The latter reason would disqualify ,B‘””.’: ;’;ﬁ is
location proposed by Prazmowski. Franks Rﬁht; et
based on a micrococcoid form which at least could on ysidm'
sent a minute form of the organism, leaving out of c:ﬂpm y
tion entirely, as Frank dces, the hypha TOTIEES
his Rhizobium. .

Laurent is not justified then in emending by €
genus based on a micrococcoid form, to include a C(f)mRﬁ
the important characters of which the %“thor o
says form no genetic connection with his gerl::"lssb 4
it can not be justly emended from either Fran

Rhizobium to embrace only the bacteroids of the tt
Schneider has done.

However, Schreeter’'s Phytomyxa anted
bzum. It is, moreover, a very easy M
the fungus from Schreeter's description ©
though the author may have erred In placing

det
atter to g, VR

f Phytom) o
the genus
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the Myxomycetew. 1Infact Phytomyxa was erected to represent
exactly the morphological characters which we find present in
the fungus in the tubercles.

Laurent, probably from the analogy of the form of some of
the bacteroids and the forked individuals in his artificial cul-
"res to the various stages of longitudinal division, as Metchni-
koff'*3 terms it, of Pasteuria ramosa, places it in the family
Pasteuriace@. There does notseem to be any good evidence that
ongitudinal division occurs in the organism of the tubercles,
% is described for Pasteuria, but that these forked forms are
derived in an entirely opposite manner, from that which ob-
Wns Iin Pasteuria, i. ¢., by growth instead of longitudinal
. » or what seems, more properly speaking, from Metch-
ﬂ{koff's descriptions to be a stellate or radiate division, be-
sinning with numerous Invaginations upon the external sur-
face and Proceeding toward the center until finally the quad-

?n t? and octants present a division approaching the longitu-
inal,

It still remains to note certain remarkable phenomena ob-
“ved by the present writer in one of the cell cultures of the
i tubercle’ organism. The microscope was focussed upon
ch?raj m-d Viduals representing various lobed forms to ol?-
mean??" deVClOPmeﬂt.. Sketches were made of the posi-
5Cope | orm of all the individuals in the f.ield of the micro-
'ftorde:jl Orlder that their development might be accuratf.:ly
di\'iduals. h 2 th? course of twenty-four hours one of the in-
Minyte o dlSaPpeared from view, and now ar}d then

ay o Motile organisms swept across the field. During thflt

e the,larger lobed forms disintegrated by the loss in
WVas not observed because interrupted ob-
- -'¢ made, of the dense portions of protoplasm at
€ar the periphery. The most remark.aple
» however, was the fact that one of the indlv.ld-
 which might be described as representing
O clavate bodies by their larger ends, was
uggishly as if drawn by something atta.chffd
" ten to fifteen minutes it moved about within
.., croscope with a slow oscillatory mover.nent
Pared fro lth' the progressive movement, when it disap-
| M View. These observations have suggested the
mation of zoospores within the larger of
rtificial cultures and in the buddings or
hyphz within the tubercle.

end. Fo
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Little value is attached by the writer to these observation
since it was impossible at that time to repeat them, for ins
few days his labors were to be removed from Alabamat
New York, and during the move the infusion of Vicia satins
with which it was designed to make media to prosecute the
study farther became contaminated. During the busy penod
of organizing work in a new field the organism died befoe
fresh culture media could be made.

Laurent did not observe a motile stage. Beyerinck ob
served motile forms which agree in size with the smalis
forms (0.2u) obtained by myself. If Frank’s micrococci i
Prazmowski's swarmers could be regarded as the same form
represented by these small individuals the possibility of thes
being zoospores would be strengthened. Should the preseas
of zoospores be confirmed it would indicate a relatnonsl:lg o
the lower Phycomycetes. 1t will be remembereq that Vuilie
min (l. c.) placed the organism in the C/zytrz'dmcm,.but.m
zoospores of his Cladockytrium tuberculorum were 7iin dllz
eter, a size much greater than any except possxbl).’ some
the very largest of the organisms obtained by other mVCS“s
tors, and since his studies were made in late autumn a‘:i: .
tubercles there may have been some chance of mon
curring in the tissue of the tubercles.

While in some characters, as noted above,the
ism is very much like Cladochytrium tenue,yet!
sential characters it departs too widely from o’
that even if it should eventually be clearly shown to >
the Clhytridiacee, it would still be referable to Phyton]

Cornell University.
EXPLANATION OF PLATES XII-XV.
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PraTe XII.—Tubercles of Vicia sativa, from Phomg;aa?:k 6 octed root B

Prate X1II.—Fig. 4. Young tubercle, magm{,ie"d’fs ‘r)n of infecting thresé ~
—Fig. 5. Same root hair more magnified, showing foruter of robes®
Fig. 6. Another view of fig. 5.—Fig. 7. Section 0" 90
with root hair, showing entering infecting t_hread.-l-—— eg‘;l ke
tubercle with infecting thread 7 irlzl'tu showm%egl arg
dodermis; pe¢, pericambium; p4, phloem; x, Xyi€Ir.

PLATE XIV.p—F ig. 9. Infecting thread drawn 1o lfagert:f:;
of bacteroid tissue containing branching threads o ujl'tnre
bercle cells,. —Figs. 11 and 12. Organisms 10 pure = =
vetch tubercle.—Fig. 13. Bacteroids of Vicia sa i
15. Bacteroids of Medicago denticulata tubercle. ore than
;™™ and the objects are magnified thirty umespg! y saliva.

PLaTE XV.—Inoculation, Water culture Off ;';)' tomyxa from
oculated with organisms from pure culture O

tubercles. From photograph.




